Abstract. This paper focuses on the evaluation of an ideal midsagittal plane iMSP extraction algorithm. The algorithm was developed for capturing the iMSP from 3D normal and pathological neural images. The main challenges are the drastic structural asymmetry that often exists in pathological brains, and the sparse, nonisotropic data sampling that is common in clinical practice. A simple edge-based, cross-correlation approach is presented that decomposes the iMSP extraction problem into discovery of symmetry axes from 2D slices, followed by robust estimation of 3D plane parameters. The algorithm's tolerance to brain asymmetries, input image o sets and image noise is quantitatively measured. It is found that the algorithm can extract the iMSP from input 3D images with 1 large asymmetrical lesions; 2 arbitrary initial yaw and roll angle errors; and 3 low signal-to-noise level. Also, no signi cant di erence is found between the iMSP computed by the algorithm and the midsagittal plane estimated by t w o trained neuroradiologists.
Introduction
Healthy h uman brains exhibit an approximate bilateral symmetry with respect to the interhemispheric longitudinal ssure plane bisecting the brain, known as the midsagittal plane MSP. However, human brains are almost never perfectly symmetric 4 6 . Pathological brains, in particular, often depart drastically from re ectional symmetry. F or e ective pathological brain image alignment and comparison e.g. 4,10,11 it is most desirable to de ne a plane of reference that is invariant for symmetrical as well as asymmetrical brain images and to develop algorithms that capture this reference plane robustly.
We de ne an ideal midsagittal plane iMSP as a virtual geometric plane about which the given 3D brain image presents maximum bilateral symmetry. Computationally, this plane is determined by taking the majority v otes from both axial and coronal 2D slices based on a sound geometric analysis Section 2.1. Factors that challenge the robustness of an iMSP algorithm include: 1 the intrinsic factor: the brains being imaged can be either bilaterally symmetric or drastically asymmetric; 2 the extrinsic factors: anisotropism, under-sampling, initial transformation errors and artifacts noise can be introduced during the imaging process.
The well known Talairach framework is an anatomical landmark-based approach to de ne a 3D brain coordinate system 18 . Patient image to Talairach framework registration is di cult to achieve automatically since it relies on identifying 3D anatomical features that may not be obvious in the image. Furthermore, when the interhemispheric sagittal plane no longer lies on a at surface due to normal or pathological deformation Figure 1a , the interhemispheric medial plane is ill de ned. In contrast, the iMSP is based on global geometry of the head and can be found using low-level image processing techniques. Furthermore, it remains well-de ned in pathological cases, forcing a virtual left-right separation consistent with the location where an ideal midsagittal plane would be if not for the presence of local brain deformation Figure 1b. a b Fig.1 . a An axial brain slice, the midline is deformed due to a space occupying tumor.
b The intersection of the extracted iMSP with the same 2D brain slice straight line, and the deformed midline curved line captured by a snake" active contour.
Designing a robust algorithm that deals with real clinical images originates from our desire to facilitate on-line clinical image database indexing and retrieval for real-time medical consultation 10 13 . We h a v e developed a simple yet robust algorithm that can extract the iMSP of a brain from clinical CT or MR images Section 2.2. The algorithm has been applied on more than 100 3D clinical images and tested on both synthetic and real images with computed ground truth. Breakdown points of the iMSP extraction algorithm are found by v arying brain orientation, lesion size, and noise level, and are compared against a maximization of mutual information method Section 3. We also consider ground truth" generated by h uman experts, and nd no signi cant di erence between the orientations estimated by our iMSP algorithm and those hand-picked by t w o neuroradiologists Section 3.
The goal of many existing MSP detection algorithms 1 3,7,19 is to locate the plane of re ection of a roughly symmetrical brain image. Tolerance of these algorithms to asymmetry is reported to be low 3,7 . The MSP algorithm developed in 15 is tested on simulated PET images to show its insensitivity to focal asymmetries. More recently, Smith and Jenkinson 17 presented an algorithm for nding symmetry axes in partially damaged images of various modalities. However, no quantitative e v aluations have y et been given and the computation is expensive. In clinical practice, however, the imaging coordinate system XYZ Figure  2a , black coordinate axes di ers from the ideal coordinates due to unintentional positioning errors and or deliberate realignments introduced so that a desired volume can be better imaged, The orientation of the imaging coordinate system di ers from the ideal coordinate system by three rotation angles, pitch, roll and yaw, about the X 0 ; Y 0 and Z 0 axes, respectively. The imaging coordinate system can also be o set Figure 2a The analysis given to the axial slices from now on can be applied to coronal slices cut along the Y axis as well with corresponding symbols changed:`Z' to`Y'. Under the ideal coordinate system, the iMSP passes through the origin and has normal vector 1; 0; 0. Due to the scanning geometry, points in the ideal coordinate system are reoriented into the observed imaging coordinate by a n unknown rotation R = yawroll pitch! and displaced by an unknown translation X 0 , Y 0 , and Z 0 . Precisely, points in the ideal coordinate system are mapped into the imaging coordinate system by the transformation matrix In summary, i f w e can extract the 2D axes of re ection symmetry from a set of axial slices, we can completely determine the geometric equation aX + bY + cZ +d = 0 of the ideal MSP. F urthermore, we can infer from this equation some of the 3D pose parameters of the patient's head with respect to the ideal head coordinate system, namely the yaw angle , roll angle and the translational o set along the X 0 axis.
Midsagittal Plane Extraction Algorithm
The geometric results from the previous section have been used to develop an algorithm for automatically detecting the iMSP of a neural brain scan. 6. robust estimation of image o sets i : taking out outliers from t i using least median of squares 16 and t a plane to the inliers using i = c Z i +d:
compute all plane parameters Equation 3.
The algorithm is implemented on an SGI O2 R10000, using a mixture of MATLAB and C subroutines. Total time for all algorithmic steps is roughly 7 minutes. No special attention has yet been paid to speeding up the code, except for using the fast Fourier transform for cross correlation computation. The algorithm has been applied to over 100 3D image sets Table 1 with varying modalities.
One strategy used to increase robustness to large orientation errors is to use both axial and coronal slices simultaneously to estimate the yaw and roll angles usually one of these sets of slices is measured directly, and the other is created by resampling the image volume. This is done because the accuracy of symmetry axis o set detection degrades when axial coronal slices have a roll yaw angle beyond 20 degrees. However, there is no such angular limit to estimating yaw roll angles from axial coronal slices, as these are in-plane rotations. Figures  4 and 5 show examples of extracted symmetry axes when there are obvious asymmetries in the head.
Evaluation
No obvious mishaps have been observed when applying the iMSP extraction algorithm to over 100 image sets with varying modalities and scan geometries. In this section we report a series of experiments that are carried out to test the 2 For further details of the algorithm see 9 robustness of the iMSP algorithm. Two ground truth image test sets are created from datasets 5 and 110 respectively Table 1 , one is a sparse, axial CT volume and the other is a dense, coronal MR volume. Each ground truth test set is formed by nding the midsagittal plane by hand, then re ecting one half of the head volume about this midsagittal plane to overlay the other half, producing a perfectly symmetrical volume. Since the constructed test set is perfectly symmetric, the ground truth iMSP is known.
Tolerance to initial o set errors
To e v aluate the accuracy of computed roll and yaw angles, the MR test image set was resampled using trilinear interpolation to arti cially vary the yaw roll angles from -90 to 90 degrees in 5 degree intervals. The algorithm was then run on these sets to determine an estimated yaw and roll angle. In all cases, the error between estimated and actual angles is less than one degree. Given the image sampling interval, these errors are negligable.
Tolerance to asymmetry Tolerance to noise and asymmetry
To study the e ects of noise and asymmetry on the iMSP extraction algorithm, we h a v e tested the algorithm on the MR ground truth dataset. The data is articially degraded by adding di erent levels of zero-mean Gaussian noise, and by inserting spherical lesions of varying diameters. The algorithm breaking point i s determined by incrementally adding noise until the algorithm fails to detect the correct symmetry plane. Each incremental addition of noise corresponds to a loss of 6.02dB of SNR, or roughly 1 bit of information. 3 Figure 8 shows representative slices, and iMSPs extracted by the algorithm. Naturally, the algorithm is more robust to noise when no lesion is present Figure 8d . But the algorithm can handle very large levels of noise up to SNR = -10.8dB when no lesion is 3 SNR or Signal to Noise Ratio is de ned as 10 * logvarsignal varnoise. An SNR of less than 0 means that the noise has a higher variance than the signal. present, as well as large lesions we tested with lesions of radius up to 60 pixels = 56.25mm.
Comparison with a mutual information maximization method
For comparison, an implementation of midsagittal plane extraction based on a general mutual information volume registration algorithm 14 was also tested. Volume registration can be used to identify an iMSP by nding the rigid transformation that best registers a volume with a version of itself re ected about the X = 0 plane. The geometry underlying iMSP extraction in this case is analogous to that described in Section 2.2. We c hoose to compare a volume registration algorithm based on mutual information due to its intensity-based nature, in contrast to our edge-based method. The experimental results show that iMSP extraction based on mutual information registration breaks down at a lower level of noise than our algorithm, as shown in Figure 8 . The volume registration algorithm had to be tested on the dense MR dataset, since it could not directly handle sparse, unisotropic clinical CT data.
Comparison with human experts To compare the algorithm with human performance, we had two neuroradiologists one has 20 years experience, one is an intern hand-draw the ideal midline on each 2D slice of several randomly chosen brain scans. The radiologists were allowed to view the whole set of the 2D slices from one volumetric image for reference while using a mouse to click o n a computer screen directly. Although scan geometry tells us the angles of the symmetry axes on each axial slice should be the same Section 2.1, there is a variation in the angles determined by the human expert. The standard deviation of the human measurement error on di erent sets of slices varies from 0.55 to 2.37 degrees Table 2 . In this paper, we h a v e presented an iMSP extraction algorithm that is capable of nding the ideal MSP from coarsely sampled, asymmetrical neural images, without compromising accuracy on symmetrical ones. We h a v e observed that iMSP computation using our algorithm is not adversely a ected by lesions, mass effects, or noise in the images. This may seem strange since cross-correlation is used as a measure for the best matching of two images. It is natural to ask why the algorithm works so well on drastically asymmetrical images. We can provide the following relevant observations: 1. Majority rules: F or a 3D pathological brain, a lesion only resides on a relatively small number of 2D slices, thus when the iMSP is t to the whole set of 2D slices, normal slices with prominent bilateral symmetry dominate the iMSP's position. 2. Edge features: By using edge features rather than the original intensity images directly, the e ect of strong density concentration around lesions is much reduced. 3. Lower brain slice stability: L o w er brain slices are relatively stable due to the bilateral struc-ture of the skull. In practice, the lower brain slices are given more weight when determining the orientation of the iMSP. 4 . Robust estimators: Robust estimation techniques are used to remove outliers from computed measurements before combining them to determine plane parameters.
We are currently exploring how to use the iMSP extraction algorithm to facilitate registration of pathological images with other modalities PET, SPECT, and comparison of brain images e.g. schizophrenia, acute infarct. Computing similarity among diverse brain images is part of an ongoing e ort to study how symmetry-based features can be used for classi cation and retrieval of medically relevant cases 10 13 . We h a v e also begun to apply the method on 3D pelvis images, to establish a common coordinate system for cross patient comparison, set an initial position for X-ray CT registration 8 , and evaluate left-right abnormality Figure 9 . 
